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Abstract: 7 
The Brazilian electricity system is an important example of a large country relying on a high renewable energy 8 
matrix with a major focus on hydropower, which has historically allowed for low carbon electricity production. 9 
However, the increase in the demand and climate change impacts on the availability of these renewable 10 
resources represent important challenges for long-term power planning. The contribution of this paper is 11 
twofold: Firstly, a first attempt to use the EnergyPLAN model for the analysis of the Brazilian electricity sector 12 
and in particular to study future scenarios is presented. Secondly, the possibility of achieving a 100% RES 13 
system is also addressed. The 100% RES scenario is found to be theoretically possible but a substantial 14 
increase in the overall installed capacity would be required, to support the grid mainly during the spring and 15 
summer season. The results underline the importance of seasonal complementarity of hydro and wind power 16 
and reveal how an increase in RES would add exportation potential, reducing also the Brazilian external energy 17 
dependency. The study identifies risk factors for these high RES scenarios and outlines several avenues for 18 
future research to address cost, environmental and technical uncertainties of the system. 19 
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1. Introduction 23 
The share of Renewable Energy Sources (RES) has increased substantially in the energy mix of 24 
developed and emerging countries as is the case of Brazil. This trend is expected to continue in the 25 
future, primarily aiming for the reduction of Greenhouse gas (GHG) emissions and mitigation of 26 
climate impacts [1]. The growth of energy consumption is also a common characteristic of most 27 
developing nations, including Brazil. Therefore, the prospects for achieving a sustainable energy 28 
system have been considered widely in literature and each year new studies are being published 29 
addressing different perspectives such as technological development, climate change and demand 30 
projections. RES to power is seen as a fundamental strategy to reach these sustainability goals, 31 
notwithstanding, there are several technical and economic challenges to be surpassed in order to 32 
achieve a high share of RES integration [1].  33 
The proper construction of future scenarios for the electricity sector is fundamental to subsidize the 34 
government decision-making process. On the other side, the risks and uncertainties had increased in 35 
short, medium and mainly in the long-term [2]. Specifically, for the long-term generation expansion 36 
planning, the challenges are even greater primarily due to the characteristics inherent to the sector in 37 
which such decisions need to be made in advance. Energy planning is considered a complex issue 38 
that involves many factors and there can be no one size fits all solution, given the different challenges 39 
facing each country. This energy planning exercise will then result in a large discrepancy of scenarios, 40 
which depend on factors as cultural, economic and political ones, among others [3]. Regardless of 41 
this diversity of options and difficulties, scenario planning is fundamental for both policy making and 42 
the development of business strategies, mainly those relating to investments. 43 
There are several challenges in the scenario’s construction, especially for long-term planning. One of 44 
the main difficulties is to predict the behaviour over time of energy technologies that currently may 45 
not be feasible on a large scale or are not yet available. The definition of consistent hypotheses and 46 
the proper problem delimitation are also essential to achieve real and relevant scenarios. Furthermore, 47 
the design of a small number of future trajectories is desirable and demonstrates the relevance of the 48 
scenario-building technique for a well-informed decision making. [4]. Scenario analysis techniques 49 
are then well suited for the evaluation of impacts brought by the inclusion of RES technologies such 50 
as wind and solar power in the electricity system.   51 
This paper aims to revisit the topic of high RES scenarios in developing countries with a high RES 52 
potential, as is the case of Brazil (classified as an Emerging Market and Developing Economy by 53 
International Monetary Fund [5]) analysing and comparing different future scenarios (for the year 54 
2050) previously developed by reliable energy research institutions. The possibility of achieving a 55 
100% RES system in Brazil is also addressed in this paper. The vision presented here is the 56 
development of a comprehensive comparison among these three future scenarios according to 57 
different perspectives including technical, cost, environmental and risk dimensions. Although a few 58 
papers have recently addressed the case of a 100% RES in Brazil, less attention has been paid to both 59 
the exportation electricity potential for scenarios with a high share of RES and the seasonal 60 
complementarity between power options such as hydro and wind power (for the case of Brazil). 61 
Considering both the high share of RES and the continental dimensions of the Brazilian electricity 62 
system, this paper includes partially the geographical heterogeneity of the country in order to achieve 63 
more reliable results. Also, the short-term impacts are becoming increasingly important to consider 64 
in the long-term planning. The computational barriers associated with large power systems, however, 65 
have limited the inclusion of short-term impacts in long-term planning models [6]. The tool used in 66 
this paper (EnergyPLAN) allows to consider high time resolution for an entire year using hourly time-67 
steps [7]. 68 
Therefore, the following two research questions has been used to provide a clearer goal of the paper: 69 
1. How can the Brazilian electricity system be modelled in the EnergyPLAN computer model? 70 
2. Can a 100% renewable energy system be achieved by 2050 for Brazil? 71 
The paper is organized as follows. Section 2 outlines the main characteristics of the Brazilian 72 
electricity system. A literature review regarding energy scenarios for high RES systems is presented 73 
in Section 3 together with the EnergyPLAN model description. Section 4 introduces the methodology 74 
proposed for applying EnergyPLAN model concerning the Brazilian electricity sector. The reference 75 
energy system and the future scenario analysis (2050) are presented in section 5 (results and 76 
discussion) together with the simulation and evaluation of a 100% RES using technical and economic 77 
analysis. The main conclusions and directions for future research will be outlined in section 6. 78 
2. The Brazilian Electricity System 79 
The absence of exploitable natural resources is expected to be a future characteristic common to the 80 
most of countries worldwide. Thus, the reliance on fossil fuels for the energy sector becomes 81 
particularly vulnerable to fuel price fluctuations [1]. On the other hand, the Brazilian electricity 82 
system is mostly supplied by hydropower. Hydroelectricity presents many advantages over other 83 
power sources, including high efficiency, large storage capacity, low operating and maintaining costs, 84 
a high level of reliability and proven technology. Hydropower is also considered the least-cost 85 
renewable electricity technology even though the projects require substantial investments [8]. For the 86 
Brazilian National Power Grid Operator (in Portuguese, ONS), hydroelectricity is a valuable power 87 
source especially given the rapid growth of variable and intermittent generation from other RES, 88 
namely wind and solar power technologies. The hydropower generation system in Brazil comprises 89 
large reservoirs capable of multi-month regulation, which is arranged in complex cascades distributed 90 
in several river basins [8]. In the future, the increasing share of several complementary non-hydro 91 
RES is expected to diminish the dependency on hydropower and drive to possible least-cost solutions 92 
[9].  93 
The estimated total hydropower potential of the country is about 260 GW [10] and in 2017 (April) 94 
the exploited potential slightly exceeded 101 GW, meaning that more than 50% remains unexplored. 95 
Nevertheless, the hydropower expansion faces several environmental challenges which together with 96 
the high dependency of rainfall and climate conditions, can severely affect the future expansion of 97 
hydropower for energy production [2]. Even though the remaining unexploited hydropower potential 98 
in Brazil, the future projects are expected to be dominated by run-of-river hydropower with limited 99 
reservoir capacity. Thus, the challenge is to provide a high level of flexibility from other power 100 
sources and from energy storage technologies that might be capable of linking geographic and 101 
temporal (daily, weekly and seasonal basis) gaps between energy supply and demand [11]. The water 102 
resource availability due to climate changes is assuming a key role in the Brazilian energy planning 103 
and has been widely discussed in the literature [9,12]. Therefore, wind and solar energy systems have 104 
been increasing rapidly over the last years. Brazil has a great potential for the development of solar 105 
energy with one of the highest insolation rates worldwide, however, this potential has been underused.  106 
Fig. 1 illustrates the historical power output (left axis) and the Southwest1 hydro storage level (right 107 
axis) in Brazil from 2000 to February 2018 (Southwest region represents 40% of the total hydropower 108 
of the country). After the severe drought in 2001, the Brazilian government decided to support the 109 
development of non-hydro RES as an alternative to the historic dependence on hydropower. In fact, 110 
since 2009 auctions have been made exclusively for wind and solar PV systems, which increased the 111 
share of non-hydro RES in the country’s energy mix [9].  112 
 113 
 114 
Fig. 1. Brazilian power output between 2000 and 2018 (February) (left axis) and water storage 115 
level in SE (right axis). 116 
 117 
The Brazilian hydropower capacity is 101.28 GW, representing 64% of the total installed capacity of 118 
the country [13]. The remaining electricity supply for Brazil has been provided mostly from thermal 119 
power generation. Brazilian electricity generation reached 578.9 TWh in 2016 [16]. In 2016, 120 
hydropower installed capacity increased by more than 55% comparatively to 2015, followed by an 121 
increase of less than 27% for solar and wind and slightly more than 18% for the case of thermal power 122 
[16]. According to the National Energy Balance (in Portuguese, BEN), in 2016, 81.7% of the 123 
Brazilian electricity supply was composed by RES, including 68.1% of hydropower; 8.2% biomass; 124 
5.4% wind and 0.01% from solar PV [16]. Consequently, considering the increasing growth rate in 125 
energy consumption, expected to be about 3.7% per year for the period 2016-2026, new investments 126 
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are being considered to expand the power grid [15]. According to the national energy plan of 2026,  127 
45 billion of US dollar2 is estimated to be invested between 2020 and 2026 for the expansion of the 128 
Brazilian generation system [15].  129 
Additionally, Brazil has been undergoing severe droughts (mainly in the Southeast, Midwest, and 130 
Northeast) since 2012, leading to an increase of generation from thermal power (see Fig. 1) [5,6]. 131 
This thermal power trend remained for the latter years (2013 to 2017). Particularly, the amount of 132 
natural gas imported has significantly increased in these years to supply thermal generation [15]. 133 
Therefore, the marginal cost of electricity production enhanced significantly in the last years [16].  134 
Between 1999 and 2011, the average power output of thermal power plants was about 2425 MW 135 
whereas between 2012 and 2016 this value increased significantly to 10947 MW [17]. The 136 
aforementioned increase in thermal generation is primarily due to a reduction in the maximum energy 137 
storage capacity of hydropower over the years mainly for Southeast (SE), Midwest (CO) and 138 
Northeast (NE) Brazilian subsystems. The SE and CO regions represent approximately 70% of the 139 
total water storage capacity in Brazil and the maximum water storage level has been verified 140 
historically between March and April whereas the minimum storage usually occurs between October 141 
and November [16]. 142 
Additionally, the high level of uncertainty brought by intermittent sources will result in an overall 143 
trend to the increase of the thermal generation in the future. Thus, the thermal power plants are 144 
expected to play an essential role in the next years, mainly between September and December, due to 145 
the lower hydropower storage level [15]. Therefore, for the next years, a paradigm shift in the 146 
Brazilian power operation and planning is foreseen, which requires an in deep discussion in order to 147 
provide a high level of energy security and reliability [2].  148 
Conclusively, the large-scale integration of RES in Brazilian electricity sector faces several 149 
challenges and involves a radical technological change. From a technical point of view, the most 150 
important question to be answered is related to which technologies should be used to make sure that 151 
the available resources would meet the demands in the future. Moreover, the intermittent nature of 152 
some RES, such as solar PV and wind systems, has become a significant challenge to the power 153 
system operation and planning [18]. According to [19] the transition to a renewable energy system 154 
from traditional fossil-fuel based systems includes modifications in energy efficiency and energy 155 
conservation, improvement of the efficiency of the supply system and integration of fluctuating RES. 156 
3. Energy scenarios for high RES systems  157 
The work proposed by [9] considered a 100% RES for Brazil in the year 2030 considering the set of 158 
technologies available, mix of capacities, operation modes and the least cost energy supply. This 159 
paper simulated the operation of Brazilian electricity system on an hourly basis and used a multi-node 160 
approach. The model was based on a linear optimization problem aiming to minimize the total annual 161 
energy system cost and considers the inclusion of Distributed Generation (DG) and self-consumption 162 
of residential, commercial and industrial electricity consumers. The results obtained by [9] showed 163 
that the required overall installed power capacity in 2030 would be 165 GW from solar PV, 164 
hydroelectric dams (85 GW),  run-of-river hydropower (12 GW), biomass (12 GW), biogas (12 GW) 165 
and 8 GW of wind power.  166 
In [20] the least-cost power system composition of a 100% RES for the year 2050 is addressed for 167 
the Brazilian power sector. The authors also appraise the effect of sector coupling (i.e. power, heat 168 
and transport sectors) on the Brazilian power system. The high-resolution model REMix was applied 169 
in [20] making use of a linear programming optimization model to identify the least-cost power 170 
system composition considering the use of storage technologies, DR contribution, electric mobility 171 
and hydrogen production. According to the results of [20] the expansion of wind and solar power 172 
might be more cost efficient in the future than the construction of new hydropower plants in Brazil 173 
since the hydropower system (even considering that only run-of-river power plants are being 174 
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projected for the future) might provide enough storage capacity to compensate the high integration 175 
of RES. The authors of [20] also concluded that neither varying the share of wind and solar power 176 
nor the spatial distribution of power generation would have major impacts on the overall supply costs. 177 
Therefore, other criteria could be used to promote the renewable energy transition towards a 100% 178 
RES such as public acceptance so that this would have only a small influence on system costs.  179 
The comparison among different strategies to transform the heating sector of Denmark into a 100% 180 
renewable energy system is addressed in [21] resourcing the advanced energy system analysis tool 181 
EnergyPLAN. A methodology to link local and national planning is proposed in [22]. This proposed 182 
methodology evaluates how well the system can exchange excess electricity. Ref. [23] compares two 183 
100% RES systems. The first scenario proposed by [23]  considers a non-integrated renewable energy 184 
system while the second scenario is based on the smart energy system concept in which the synergies 185 
between other sectors are taking into account for Zabreg. Also for Croatia, a 100% local RES for the 186 
year 2050 is proposed by [24] considering the electricity, heating and transport sectors. The work also 187 
analyses the integration of the local energy system with the rest of the country.  188 
In the transition to a fully decarbonized RES, the high amount of fluctuating renewable energy such 189 
as wind and solar power are unquestionable. In this sense, the work addressed in [25] investigated 190 
two potential ways to increase power system flexibility: the interconnection between power systems 191 
and the integration of different sectors of an energy system such as heat and electricity. The authors 192 
of [25] derived broadly applicable conclusions on the benefits and role of the energy system 193 
integration and highlight that this option should be prioritized over the expansion of transmission 194 
systems for the case-study evaluated.  195 
3.1 The EnergyPLAN model 196 
There are several energy modelling tools available to design national energy planning strategies 197 
considering technical and/or economic analysis. The EnergyPLAN advanced energy system analysis 198 
computer model [26] has been widely used to simulate future energy scenarios, focusing primarily in 199 
the large-scale integration of RES into the power system and in the simulation of 100% renewable 200 
energy systems as proposed in [11] and [18]. The EnergyPLAN allows to simulate the operation of 201 
national or regional energy systems on an hourly basis taking into account the hourly demand, 202 
expected production and interconnection capacity. This tool makes use of analytic programming 203 
instead of iteration.  204 
The work proposed by [27] reviewed forty-five papers that applied the EnergyPLAN model and 205 
concluded that most of the papers performed analysis on a country or state level and the focus is 206 
mostly in the simulation and high integration of RES into the energy system. There are existing 207 
models already available for many countries, including China, Croatia, Czech Republic, Denmark, 208 
Finland, Hungary, Ireland, Italy, Kenya, Latvia, Macedonia, Mexico, New Zealand, Norway, 209 
Romania, Serbia, Sweden, Tanzania, Turkey and United Kingdom [26]. The study of an energy 210 
system based entirely on renewable energy resources has been also addressed in the literature using 211 
the EnergyPLAN model. Most of the past works considered the analysis of 100% renewable energy 212 
systems for developed countries, including Finland [11], Macedonia [18] and Portugal [28]. In [11], 213 
the authors employed the EnergyPLAN model to verify the possibility of implementing a 100% 214 
renewable energy system in Finland for 2050 and pointed out the importance of Energy Storage 215 
Systems (ESS), including Thermal Energy Storage (TES), Gas storage, Power-to-Gas (PtG) 216 
technologies and Vehicle-to-Grid (V2G) connections to achieve a fully decarbonized energy system. 217 
In [1], the authors emphasize that energy efficiency and demand-side measures are essential to 218 
achieving a 100% renewable energy system. The prospects for the realization of a fully renewable 219 
energy system in Macedonia was performed in [18] using the EnergyPLAN model. The work 220 
considered scenarios for the year 2030 (50% RES) and 2050 (100% RES) and the authors concluded 221 
that the intermittent characteristic of RES and the large-scale insertion of storage technologies are 222 
considered the main obstacles to achieving a 100% renewable energy system. The authors of [28] 223 
concluded that the fully decarbonized electricity system for Portugal is theoretically possible but a 224 
substantial increase on both the overall system capacity and the costs would be necessary.  225 
On the other hand, according to [26] and considering the best of authors’ knowledge, thus far the 226 
EnergyPLAN model was not yet used to represent and analyse any South American country, 227 
including Brazil. For the Brazilian case, this may be understood by some aspects, namely the 228 
difficulty in collecting hourly data for demand and supply, the high level of complexity required for 229 
aggregating information to be included in the model and the Brazilian continental dimensions.  230 
Therefore, this work presents the first-stage results of an EnergyPLAN model for the analysis of the 231 
Brazilian electricity sector. For this purpose, the year of 2016 was used to validate the model. 232 
Afterwards, future existing scenarios (for the year 2050) obtained from reliable institutions of the 233 
electrical sector were evaluated. A comparison of the results obtained from EnergyPLAN and those 234 
from the Brazilian institution was attempted. The possibility of achieving a 100% RES system is also 235 
addressed in this paper together with a risk and resilience analysis of the future electricity scenarios. 236 
The analysis of a fully renewable electricity system aims to provide some insights into the impacts of 237 
high amounts of Variable Renewable Energy (VRE) on the power grid and supply costs.  238 
4. Methodology  239 
A critical literature review was firstly undertaken to provide the necessary background knowledge of 240 
previously published research in the area and to establish the boundaries of the research. Information 241 
was collected from official reports and scientific literature, addressing the case of Brazil. From this a 242 
set of scenarios recently published for the case of the Brazilian electricity system were identified and 243 
characterized.  244 
The data collection techniques include an examination of multiple-source secondary data and online 245 
computer databases from official electricity Brazilian institutions to simulate an energy system in 246 
EnergyPLAN. The first step was to create a reference model using technical input considering a past 247 
year. The inputs for the model were established based on the projections for hourly demand, 248 
hydropower inflows, hourly import and export balance, interconnection capacity, installed capacity 249 
of thermal power plants, and RES technologies. The reference model was used to validate the model, 250 
comparing the simulated outputs to the real ones for each technology/generation option and for each 251 
region. 252 
The most recent data available concerning the total annual demand (TWh/year) and its hourly 253 
distribution for the Brazilian electricity sector report to the year 2016, and were obtained from the 254 
Brazilian National Power Grid Operator (ONS) [17]. For the same year, the capacity of each installed 255 
unit (MW) was extracted from the Energy National Balance (in Portuguese, BEN) [29]. Hydropower 256 
was divided into run-of-river (54%) and hydro plants with reservoirs (46%). Thermal power plants 257 
were represented in EnergyPLAN as the sum of natural gas, oil products, coal and biomass installed 258 
capacities, whereas the installed capacity of nuclear power plants was represented separately. The 259 
overall demand of the country was aggregated based on [17] since the EnergyPLAN model does not 260 
allow to consider individual demands for the electricity sector and transmission restriction between 261 
regions. However, due to its continental dimensions, the country was branched into three main regions 262 
(South, Southwest and Mid-West, Northeast and North) in order to represent the installed capacity 263 
for wind and solar PV. The installed capacity for the other renewable power sources was not grouped 264 
by region due to technical limitations of the EnergyPLAN software. Therefore, it was chosen to 265 
branch the installed capacity for the two most promising RES-based power sources for 2050 (i.e. 266 
wind and solar power), according to [30]. Values for the interconnection capacity with neighboring 267 
countries are based on the current and future projections supported by [31] and [32]. 268 
Hourly power output from wind and solar PV were obtained using an online application available on 269 
[33] based on [34] and [35], and using weather information of the last 30 years collected by NASA. 270 
Hourly distribution for nuclear power plant was adapted from a daily curve obtained in [17]. For 271 
thermal and hydropower (run-of-river), the hourly distributions were obtained directly from ONS. 272 
The maximum storage capacity for dammed hydro (GWh) was obtained from [17] and calculated 273 
from the sum of the maximum hydropower storage capacity (monthly) of each subsystem and the 274 
water hydro supply for hydro plants with reservoirs, which corresponds to the sum of affluent natural 275 
energy of each subsystem, obtained from [17].  276 
For all the scenarios evaluated, the high share of wind power occurs in the Northwest, far from the 277 
load centers of the country. This would imply a significant increase in power transmission capacities 278 
and consequently in the overall system costs. However, for the sake of simplicity, the proposed model 279 
does not take into account the cost related to new transmission lines and the restrictions related to 280 
interconnections between Brazilian subsystems on the simulations. 281 
EnergyPLAN estimates the hourly production of each intermittent RES (e.g. run-of-river, wind and 282 
solar power) based on both the installed capacity and the hourly distribution. The model output 283 
consists of annual energy balances, fuel consumption, CO2 emissions and cost analysis.  284 
Future scenarios are available on [30] and the document is entitled as “Brazilian Energy Scenarios 285 
for 2050”. Four different institutions of the Brazilian power sector developed those scenarios, namely 286 
COPPE (in Portuguese, Instituto Alberto Luiz Coimbra de Pós-Graduação e Pesquisa de Engenharia), 287 
ITA (in Portuguese, Instituto Tecnológico de Aeronáutica), SATC (in Portuguese, Associação 288 
Brasileira do Carvão Mineral) and Greenpeace. For the sake of simplicity, this study will focus on 289 
analysing the scenarios proposed by COPPE and Greenpeace. The analysed scenarios were then 290 
established as follows: 291 
1. Reference scenario for model validation: This scenario was attempted based on 2016 as the 292 
reference year.  293 
2. Scenario 1 (COPPE): Scenario for 2050 based on input data presented in [30,36]. 294 
3. Scenario 2 (Greenpeace): Scenario for 2050 based on input data presented in [30,36]. 295 
4. Scenario 3 (100% RES): 100% renewable electricity scenario for 2050. This scenario was 296 
elaborated by the authors based on [10,20,30,36,37]. 297 
Fig. 2 summarizes the methodological approach applied in this research. The data used for modelling 298 
are displayed in Table A.1 (Appendix A), for the reference model and for the future scenarios. For 299 
all the future scenarios, projections for the total electricity demand were based on [36].  300 
  301 
REFERENCE MODEL 
DEMAND
1. Electricity Demand (ONS)
2. Fixed Import/Export (ONS)
SUPPLY
3. Installed Capacity (BEN)
4. Hourly Distribution (ONS, 
NINJA) 
DEMAND
1. Electricity Demand (PCE)
2. Fixed Import/Export (ONS)
SUPPLY
3. Installed Capacity (PCE)

















1. POWER ANALYSIS (MW)
- Hourly, Montlhy Average, Annual Min, 
Max and Average.
2. ENERGY ANALYSIS (GWh)








1. POWER ANALYSIS (MW)
- Hourly, Montlhy Average, Annual Min, Max 
and Average.
2. ENERGY ANALYSIS (GWh)
- Hourly, Montlhy and Annual.
3. COSTS ANALYSIS
- Capex (US$/MW), Fixed and O&M (US$/
MW), Variable (US$/MWh), Marginal Costs 
(US$/MWh).
4. CO2 EMISSIONS










Fig. 2.   The methodological approach of the research. 303 
The choice for using the advanced energy system analysis tool EnergyPLAN in this research includes 304 
the following benefits of the tool [21]: i) the high time resolution (simulating an entire year using 305 
hourly time-steps); ii) the high degree of credibility; iii) the replication of the results may be 306 
performed easily by other researchers and iv) the tool is freeware and comes in a user friendly 307 
interface.  The EnergyPLAN model description and the detailed documentation of the tool can be 308 
found in Refs [7,38]. 309 
5. Results and Discussion 310 
In this section, scenarios are evaluated considering technical and economic analyses of the overall 311 
system using the proposed methodology. For analyses and comparison of scenarios, EnergyPLAN 312 
model is applied. Section 5.1 presents the reference energy system (2016) used to validate the model. 313 
Afterwards, in Section 5.2 future scenarios (for the year 2050)  previously proposed by reliable 314 
institutions of the electrical sector [30,36] will be analysed, addressing, in particular, the energy 315 
generation mix and power output of different technologies. The analysis of a 100% renewable 316 
electricity system for Brazil is undertaken in section 5.3. A sensitivity analysis is undertaken in 317 
Section 5.4 for all scenarios, addressing the case of critical water shortage. Section 5.5 provides a 318 
socioeconomic analysis, including the calculation of marginal costs, Levelized Cost of Electricity 319 
(LCOE) and total CO2 emissions. Finally, section 5.6 provides an in-depth critical discussion and 320 
assessment of the results and findings of the scenarios analysed. 321 
5.1. Reference Scenario and Model Validation 322 
The main objective of this section is to validate the model to further evaluate the future scenarios. For 323 
this purpose, the year 2016 was used as the reference scenario. The inputs for the EnergyPLAN model 324 
were established according to section 2 and are presented in Table A.1 (Appendix A). Fig. 3 illustrates 325 
the monthly electricity production for the Brazilian power system in 2016 considering the real data 326 
operation extracted from ONS [17] and the EnergyPLAN model results according to the 327 
methodological approach proposed. In the Fig. 3, EP is the abbreviation for EnergyPLAN. 328 
 329 
 330 
Fig. 3. Monthly electricity production for the Brazilian power system in 2016. 331 
Given the variable and intermittent nature of RES (e.g. wind and sun), the dispatch of these plants 332 
can only be predicted and not planned. This feature is considered in the simulation procedure 333 
undertaken by EnergyPLAN model. Therefore, solar, wind, run-of-river, wave power and tidal are 334 
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The monthly values of hydropower generation obtained through EnergyPLAN revealed to be similar 336 
to the real data as illustrated in Fig. 3. The maximum monthly error (measured as the difference 337 
between real ONS data and the simulated ones with EP) obtained for hydropower was approximately 338 
2.3% (March). For nuclear and thermal generation, the maximum monthly errors obtained were 339 
respectively 3.16% (May) and 9.99% (December). Even considering three main Brazilian regions 340 
(the maximum number allowed in the EnergyPLAN model), the error for intermittent RES (wind and 341 
solar power) is expected to be higher comparatively to the one obtained for the other sources. It is 342 
worth recalling that information for wind and solar power was obtained from typical values from the 343 
literature  [33] and not for the specific case of 2016, which will influence this error. Furthermore, the 344 
difference in the average values of the wind speed at different heights and types of wind turbines 345 
enhances the complexity of the analysis. Even so, the annual medium error obtained for wind was 346 
slightly higher than 15% and the maximum monthly error was near 32% (on May), which was 347 
considered to be acceptable given the simulated and long-term nature of the study. 348 
The hourly dispatch of hydro and thermal power differ in some extent to the real dispatch. This fact 349 
can be explained by the different factors which condition the real hydro power output and cannot be 350 
fully captured by the technical nature of EnergyPLAN, namely the water inflows downstream and 351 
upstream, minimum and maximum volume restrictions and real turbinated inflows which can be 352 
variable seasonally due to environmental protection and flood control measures. 353 
The hourly data for solar PV generation is not considered for this reference scenario due to its low 354 
installed capacity (0.01%) in the year 2016. 355 
Therefore, the main objective of this section was to validate the model considering a reference 356 
scenario. The monthly absolute percent discrepancy between modelled and real data for each power 357 
source was described along this section. The results obtained allowed to conclude the accuracy of the 358 
obtained results and this was confirmed by comparing the obtained simulation results to the real data 359 
collected in [17]. The annual percent error is smaller than the average monthly error mainly because 360 
the uncertainties (e.g. the stochastic and intermittent characteristic of RES) but also because the 361 
particular strategic dispatch characteristics of the National Grid Operator that cannot be fully captured 362 
by the EnergyPLAN. These uncertainties combined lead to small errors for the entire year which can 363 
be considered acceptable considering the long-term nature of the study. The analysis of the monthly 364 
error is considered particularly important since it becomes possible to analyse more accurately the 365 
probable implications of seasonal patterns in electricity generation from RES and thermal sources. 366 
5.2. Brazilian Electricity System Analysis for 2050 367 
This section aims to describe the use of Brazilian EnergyPLAN model to analyse future electricity 368 
scenarios, as described in section 3. According to [39] hydroelectric power plants alone, will not be 369 
able to guarantee the security and reliability of energy supply in the future. For simulating the energy 370 
scenario for 2050, a correction factor is then considered to represent run-of-river power plants. This 371 
means the capacity factor of hydropower is expected to reduce from 0.49 in 2016 to an estimated 372 
value of 0.39 in 2050 according to [30]. This reduction should occur mainly due to climate changes 373 
and the characteristics of the target rivers, as most part of the unexploited resources are in the Amazon 374 
River basins in which the projects are expected to be dominated by run-of-river power plants [39].  375 
Fig. 4 illustrates the share of electricity generation for each source considering the real data for the 376 
reference scenario [17], published scenarios for 2050 [30] and its corresponding results obtained 377 
through the EnergyPLAN model. In the Fig. 4, data for solar energy comprises PV systems, 378 
Concentrated Solar Power (CSP) and rooftop PV systems, whereas thermal includes biomass, natural 379 
gas, coal, fuel oil and industrial gas.  380 
 381 
Fig. 4. Annual electricity production for the reference and future scenarios. 382 
According to historical data, the maximum water storage level usually occurs between March and 383 
April (autumn) whereas the minimum storage is generally reached between October and November 384 
(spring) [16], [17]. Thus, considering that Brazil's electricity supply consists primarily of hydropower, 385 
the results will focus on analysing the hourly data from two pre-selected weeks corresponding to the 386 
minimum and maximum water storage cases. Fig. 5 illustrates the hourly electricity production on an 387 
autumn week for: a) COPPE scenario and b) Greenpeace scenario. 388 
 389 390 
                                             (a)                                                                           (b)  391 
Fig. 5. Power output on an autumn week for: a) COPPE scenario, b) Greenpeace scenario. 392 
The hourly electricity production on a spring week for: a) COPPE scenario and b) Greenpeace 393 
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 395  396 
                                             (a)                                                                            (b)  397 
Fig. 6. Power output on a spring week for: a) COPPE scenario, b) Greenpeace scenario. 398 
The results indicate that solar power will also have a determinant role and will contribute to moderate 399 
considerably the thermal generation in 2050. For the COPPE scenario, considering the peak power 400 
from solar generation at midday (April, 06- autumn), the solar PV contribution to the system would 401 
represent about 17.41%, wind 2.72%, hydro 57.20% and the additional electricity would be generated 402 
by thermal power plants (22.66%). For this case, RES supply would represent approximately 77.34% 403 
of total electricity production. Clearly, it is possible to see that solar power production contributes to 404 
reduce thermal power use, primarily during peak sun-hours. As for the full day, the total amount of 405 
electricity would be generated from hydro (51.06%), from wind (2.75%), thermal power (40.06%) 406 
and solar power (6.12%). It is important to note that EnergyPLAN does not allow to take into account 407 
the cyclical characteristics of thermal power plants, e.g., maximum thermal ramp rate. In this case, 408 
for instance, thermal generation decreased from 95139 MW to 22272 MW in six hours with a ramp 409 
rate of 12.1 GW/h. This feature should be better evaluated in future works, estimating the impact of 410 
a high RES share on thermal power operating conditions at a country scale, as discussed for example 411 
in [40] at a regional scale.  412 
It is worth mentioning that the installed capacity of solar power according to Greenpeace scenario is 413 
expected to be greater (18.87%) than the one obtained for the COPPE scenario (12.95%). Therefore, 414 
from Fig. 5 and Fig. 6 the higher contribution of solar production for Greenpeace becomes evident. 415 
For instance, during some hours of the week, the solar production is even higher than the one from 416 
thermal generation. Besides the complementarity between wind and hydropower, complementarity 417 
between solar and wind power also emerge for this case. Specifically, Fig. 5 shows that during the 418 
autumn week, solar PV has a high potential but low wind power output is observed. The opposite 419 
situation occurs for the spring week case. 420 
For both hydro and thermal generation, the differences between EnergyPLAN and COPPE and 421 
Greenpeace scenarios are smaller than for wind and solar power. Specifically, for wind and solar 422 
power, the total annual amount of electricity obtained from EnergyPLAN is higher than the one 423 
estimated for both COPPE and Greenpeace scenarios. 424 
For a typical week of April (autumn), the generation from wind source is lower than the one on a 425 
typical week of November (spring), according to the assumed wind profile data. This pattern is typical 426 
for the first months of the year as illustrated in Fig. 7, which represents monthly hydro and wind 427 
power electricity production for the COPPE scenario. Historical real data for years 2015-2017 428 
retrieved from ONS [17] shows that this monthly profile is well evident for both hydropower and 429 
wind power. In the Fig. 7, the axis for electricity generation from hydro (on the left) and wind (on the 430 
right) are intentionally presented in different scales since the objective is to highlight the 431 
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complementarity is expected to play a key role for large wind power scenarios foreseen for the 433 
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 435 
Fig. 7. Hydro and wind power electricity production for COPPE scenario. 436 
Conclusively, the future electricity scenarios were analysed in this section considering the technical 437 
analysis. The results obtained by the EnergyPLAN model were compared to the published scenarios 438 
for 2050 [30]. Two weeks of the year were selected and analysed in detail considering the maximum 439 
and the minimum water storage level of the Brazilian system. The next section will address the 440 
possibility for realization of a fully decarbonized energy system for the Brazilian power sector. 441 
5.3. Analysis of a 100% Renewable Electricity System for Brazil 442 
The possibility for realization of a 100% renewable electricity system for the Brazilian power sector 443 
in 2050 using EnergyPLAN is presented in this section. At this point, it is worth mentioning that the 444 
concept of a 100% RES (also called as a “fully decarbonized energy system”) used along of this work 445 
focus on the traditional analysis in which it is only considered the direct CO2 emissions (i.e. the 446 
emissions at the point of production) such as considered in [1,18,20]. However, according to [41], 447 
“all technologies, even those that produce carbon-free energy, have energy and emissions embedded 448 
in the production process and material”. The indirect emissions are related, for example, to the 449 
manufacturing, construction and transport processes associated with the entire energy system. 450 
Therefore, we highlight the need to further assess the indirect CO2 emissions costs in a fully energy 451 
system as discussed for example by [41–43]. 452 
The fully renewable power supply system scenario presented in this paper is based on a set of 453 
assumptions [10,20,30,36,37]. At first, the future hydropower projects are expected to be dominated 454 
by run-of-river power plants with limited reservoir capacity due to a set of factors. This assumption 455 
is considered for modelling the 100% RES Brazilian model and the hydropower capacity expansion 456 
is projected considering the exploitation of a share of the remaining hydro potential and it is based on 457 
[10].  458 
The overall wind power and CSP installed capacity are based on part of its available potential as 459 
proposed by [20]. Solar PV installed power capacity for northern and northwest is based on [30] and 460 
for southern according to [20]. The biomass installed capacity is also based on [30].  461 
Despite the current high costs of the wave power, the overall potential of this source in Brazil is 462 
considered very high, particularly due to its vast coastline. The future wave power costs reduction is 463 
presumed based on [36]. Therefore, we assume an increase in the wave power installed capacity equal 464 
to half of the potential in the southern and southeast of the country [37]. Considering that there is no 465 
measured data available for hourly wave power, the monthly averages outputs are used based on the 466 
wave energy potential along the southern coast of Brazil, considering a capacity factor of 0.3 [37]. 467 
The remaining inputs for the EnergyPLAN model were established according to section 4 and are 468 
presented in Table A.1 (Appendix A). 469 
The overall installed capacity reaches approximately 623 GW for the 100% RES scenario in 2050. 470 
Annual power generation for the 100% RES scenario includes 49.99% from hydropower, followed 471 
by 26.81% from wind power. The remaining electricity supply mostly comes from solar PV (1.90%) 472 
and rooftop PV (7.59%) and biomass (5.81%), but also from CSP (5.44%) and wave power (2.46%). 473 
EnergyPLAN analysis also reveals that the supply share of hydropower in the 100% RES scenario is 474 
higher but not much distant from the results obtained for COPPE (41.58%) and Greenpeace (42.48%). 475 
On the other hand, to meet the remaining needs of electricity without the use of traditional fossil-fuel 476 
based systems, mostly wind and solar power are expected to replace thermal power plants in 2050. It 477 
is worth mentioning that for 2050, the most important power source is still hydropower, as illustrated 478 
in Fig. 8. This power source should offer sufficient dispatchable power capacity to compensate 479 
fluctuations mainly from wind and solar power without the need for additional storage, as simulated 480 
and supported by [20]. However, we highlight the necessity to further assess these aspects in detail, 481 
considering the modelling of the intermittency nature of wind and solar power and its related impacts 482 
on the power system operation, especially in systems with a high share of hydropower, as is the case 483 
of Brazil. 484 
The annual electricity production and the overall installed capacity for the 100% RES scenario in 485 
2050 are illustrated in Fig. 8-a Fig. 8-b, respectively.486 
  487   488 
                          a)                                                                                b) 489 
Fig. 8. a) Annual electricity production for the 100% RES scenario in 2050 and b) Overall installed 490 
capacity for the 100% RES scenario in 2050. 491 
The hourly electricity production for the 100% RES scenario on a spring and autumn week, 492 
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 494  495 
Fig. 9. Hourly electricity production for the 100% RES scenario on a spring and autumn week, 496 
respectively. 497 
The seasonal complementarity of hydro and wind power is also evident in Fig. 9 mostly for the spring 498 
season (see also Fig. 7). Although this complementarity is proven to be very relevant for COPPE and 499 
Greenpeace scenarios, for the 100% RES scenario this correlation is definitively essential, primarily 500 
because of the high shares of hydro and wind power in the electricity supply system projected for 501 
2050.  502 
It is worth mentioning that for the 100% RES scenario, the growth of VRE will strongly impact the 503 
excess electricity production which might be exported (see Fig. 9). The electricity that may be 504 
effectively exported (exported excess electricity production - EEEP) corresponds to 2.24% of the 505 
annual demand (35.16 TWh). The outcome of the high supply share of RES would be the existence 506 
of critical excess electricity production (CEEP), which refers to the full amount of electricity which 507 
is exceeding the electricity needs and the interconnection capacity. The simulation indicates that 508 
CEEP would represent 44.12 TWh or 2.8% of the overall annual demand and would occur mainly 509 
during winter and spring season months. The annual electricity import occurs only to a very limited 510 
extent, corresponding to 0.04% (0.60 TWh) of the overall annual power demand and mostly happens 511 
during the summer season.  512 
Conclusively, for the 100% RES scenario, there is a small risk of curtailment and electricity 513 
importations may occur. Furthermore, the existence of critical excess electricity production is 514 
expected to happen because of the high supply share of RES. The results also reveal how an increase 515 
in RES would add exportation potential to the power system, reducing the Brazilian external energy 516 
dependency. In general, exportations will mostly happen during the winter and spring seasons. 517 
Notwithstanding the decrease in hydropower production during these periods, the higher wind power 518 
production combined with lower demand requirements results on a higher exportation potential, 519 
which highlights complementarity of the resources as a key factor for achieving a high RES future in 520 
the country.  521 
5.4. Sensitivity Analysis 522 
The aim of this section is twofold. Firstly, the EnergyPLAN model is used to perform a sensitivity 523 
analysis of the future electricity scenarios addressed in the previous section. The sensitivity analysis 524 
is particularly important given the error obtained in the validation of the model and taking into account 525 
the variability of the renewable resources. Secondly, a reserve margin analysis is realized by taking 526 
into account all the scenarios evaluated.  527 
Brazil experienced a severe drought that reduced reservoir water levels in 2001. Therefore, we 528 
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this analysis is to predict the behaviour of the power system for each scenario in the case of a critical 530 
year with reduced water inflows. 531 
Table 1 presents a set of risk indicators for each scenario (COPPE, Greenpeace and 100% RES). The 532 
variations on the amount of electricity imported, EEPP, CEEP, load curtailment and the CO2 533 
emissions for 2050, comparatively to the corresponding base scenarios are shown for COPPE and 534 
Greenpeace scenarios. As for 100% RES scenarios the indicators are expressed both as absolute 535 
values (TWh) and relative values against total demand (%). The CO2 emissions indicator was 536 
expressed as the increased percentage comparatively to the base scenarios. 537 
Table 1. Sensitivity analysis of future electricity scenarios for Brazil. 538 
 COPPE Greenpeace 100% RES 
 % % % TWh 
Electricity import  0 0 0.32 5.06 
Exportable Excess Electricity 
Production - EEEP   
0 0 2.23 35.16 
Critical Excess Electricity Production - CEEP  0 0 2.81 44.12 
Load Curtailment  0 0 0.02 0.305 
CO2 emissions (% increased) 15.79 3.81 0 0 
 539 
According to the results, the reduction in hydropower generation is fully compensated by thermal 540 
power plants for COPPE and Greenpeace scenarios. Additionally, there is no need for importation 541 
and exportation of electricity for both scenarios COPPE and Greenpeace. This result shows the high 542 
level of resilience of these scenarios for years of reduced water inflows. However, the additional 543 
electricity production from fossil fuel sources enhance the overall CO2 emissions by respectively 544 
15.79% and 3.81% for COPPE and Greenpeace scenarios, comparatively to the base scenarios.  545 
Annual electricity production for the base and risk 100% RES scenario is illustrated in Fig. 10-a. For 546 
the 100% RES scenario, the reduced water inflows were fully compensated by the biomass electricity 547 
production as showed in Fig. 10-a.  548 
According to the EnergyPLAN results, it is possible to recognize that the reduced water inflows will 549 
strongly impact the overall amount of imported electricity for the 100% RES scenario. The considered 550 
interconnection system does not support the overall amount of required electricity, resulting in an 551 
annual Expected Energy Not Supplied (EENS) equal to 0.305 TWh (0.02% of the overall annual 552 
demand). Import/export balance for the base and risk 100% RES scenario are illustrated in Fig. 10-b. 553 
The simulation results also indicate that the highest hourly load curtailment would be nearby 14 GW. 554 
Therefore, power blackouts and electricity rationing might happen in real operation for the 100% 555 
RES scenario since failures in the system would occur if demand exceeds supply. The expansion of 556 
international interconnections, along with the possibility of other storage options or demand response 557 
strategies should be considered in future scenario analysis to mitigate shortfall risk mainly during 558 
summer and spring seasons. 559 
 560  561 
                          a)                                                                                     b) 562 
Fig. 10. a) Annual electricity production for the base and risk 100% RES scenario and b) 563 
Import/export balance for the base and risk 100% RES scenario. 564 
The sensitivity analysis was performed in this paper considering only the reductions in water inflows. 565 
Future studies will seek to develop additional sensitivity and risk analysis, varying the prices of fossil 566 
fuels (i.e. natural gas) and evaluate the impacts on the overall system costs for the COPPE and 567 
Greenpeace scenarios, for example. 568 
Reserve Margin (RM) is defined as the difference between installed capacity and load. The installed 569 
generation capacity should be higher than the peak load to achieve the required generation adequacy 570 
target. In general, the higher the need for reliability, the higher the reserve margin. The proposed 571 
Brazilian EnergyPLAN model allows then to verify the reserve margin from the hourly results 572 
obtained in the simulation, as detailed in Fig. 11. In 2016, the overall installed capacity was 150.3 573 
GW and the maximum measured peak load was 82 GW. This corresponds to a reserve margin of 68.3 574 
GW and 45.4% of the installed capacity. 575 
The installed capacity predicted by COPPE for 2050 is 460 GW. The resulting hourly load has an 576 
annual peak of 238 GW for COPPE and Greenpeace scenarios. The reserve margin for COPPE is 577 
estimated to be approximately 222 GW (48.2% of its installed capacity) and for Greenpeace, this 578 
value is approximately 274 GW (53.5% of its installed capacity) as illustrated in Fig. 11. Reserve 579 
margin was also estimated for the fully renewable electricity scenario resulting in the highest value 580 
(385.5 GW) among all scenarios evaluated representing 61.9% of its overall installed capacity. This 581 
is mainly explained by the high share of variable electricity generation for the 100% RES scenario. 582 
Moreover, peak load usually occurs during summer months when wind power output is lower [17], 583 
posing additional challenges to the grid manager as load curtailment tends to emerge during this high 584 
load vs. low wind power availability periods.  This additional reserve requirement should have 585 
important implications from the cost and risk points of view. 586 
Therefore, the results obtained have enabled to conclude that for all scenarios evaluated the reserve 587 
margin is expected to increase in 2050, which can be explained mostly by the increasing reliance on 588 
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 590 
Fig. 11.  Installed capacity and reserve margin for each scenario. 591 
5.5. Cost analysis 592 
This section aims to provide an overall socioeconomic analysis of the electricity system for all the 593 
scenarios evaluated (COPPE, Greenpeace and 100% RES). The results are divided into the marginal 594 
costs (US$/MWh), Levelized Cost of Electricity (US$/MWh), total CO2 emissions (millions of tons 595 
- M). The annual costs include fuel, Operation and Maintenance (O&M) and annualized investment 596 
costs based on the expected lifetime of power sources. Environmental analysis is undertaken 597 
estimating the total CO2 emissions for each scenario (millions of tons) and in terms of the allowances 598 
costs (US$).  599 
Table 2 presents the techno-economical input data for the economic analysis in terms of capital 600 
expenditure (CAPEX) in US$/kW [36], O&M costs (US$/MWh) [36], fuel costs (US$/MWh) [26, 601 
27], CO2 emissions (ton/MWh) [36] and expected lifetime of each power source (years) [41].  602 




CAPEX (US$/kW) O&M Costs 
(US$/MWh) 




Photovoltaic 25 2000 11.00 - - 
Nuclear 40 3500 11.00 7.62 - 
Hydro 60 1750 2.00 - - 
Wind 30 1760 5.00 - - 
Fuel Oil 25 1200 22.00 67.56 0.2786 
Solar CSP 40 8500 30.00 - - 
Rooftop PV 25 3250 15.00 - - 
Natural Gas 30 1025 12.00 51.20 0.2019 
Biomass 25 1350 11.00 14.88 - 
Small Hydro  60 3250 13.50 - - 
Coal 40 1650 13.00 13.26 0.3405 
Wave Power 30 5580 24.45 - - 
 604 
Fig. 12-a presents the annual costs for O&M, fuel and CO2 costs for each scenario and Fig. 12-b 605 
illustrates the marginal and LCOE costs for each scenario. The forecast for the CO2 emissions 606 
allowances prices was based on [42] considering the average price between 2020-2050 (41.64 607 
US$/ton). The Weighted Average Cost of Capital (WACC) was considered equal to 9% and it was 608 


































Hydro Thermal Wind Nuclear Solar Wave Peak Load RM COPPE RM Greenpeace RM 100% RES
 610 611 
                          a)                                                                                b) 612 
Fig. 12. a) Total estimated O&M, fuel, and CO2 costs for each scenario for the year 2050 (US$) and 613 
b) Marginal and LCOE costs for each scenario. 614 
The estimated total CAPEX, O&M and fuel costs for each scenario are presented in Table 3. For the 615 
case of CAPEX, the value corresponds to the annualized cost of the total CAPEX over the expected 616 
lifetime. 617 
Table 3. Total estimated CAPEX, O&M and Fuel Costs for each scenario for the year 2050 (109 618 
US$). 619 
 COPPE Greenpeace 100% RES 
Power Source CAPEX O&M Fuel CAPEX O&M Fuel CAPEX O&M Fuel 
Photovoltaic 0.81 0.07 - 1.86 0.17 - 3.86 0.05 - 
Nuclear 3.72 0,89 0.61 2.74 0,68 0.47 - - - 
Hydro 12.43 1,16 - 13.82 1,22 - 20.94 0.15 - 
Wind 6.25 0,48 - 7.34 0,59 - 33.90 0.21 - 
Fuel Oil 0.46 0,39 1.21 1.10 0,89 2.72 - - - 
Solar CSP 3.95 0,43 - 5.53 0,79 - 19.20 0.24 - 
Rooftop PV 16.72 0,84 - 26.65 1,32 -  25.10  0.19  
Natural Gas 4.82 3,67 15.64 8.46 4,45 19.00 - - - 
Biomass 5.24 2,04 2.76 3.36 1,65 2.23 5.24 0.10 0.14 
Small Hydro 2.80 0,64 - 1.57 0,49 - - - - 
Coal 4.45 2,32 2.37 1.13 0,69 0.71 - - - 
Wave Power - - - 0.54 0.04 - 8.15 0.09 - 
TOTAL 61.64 12.93 22.59 74.09 12.99 25.13  116.39 1.03 0.14 
 620 
The marginal costs (US$/MWh), Levelized Cost of Electricity (US$/MWh), total CO2 emissions 621 
(millions of tons and tCO2/MWh), and the percentage of RES for each scenario evaluated are 622 
presented in Table 4. Marginal costs were calculated considering the sum of the annual cost of O&M, 623 
fuel and CO2 emissions. Historically, the costs to produce electricity have been evaluated using the 624 
Levelized Cost of Electricity [15]. LCOE is considered as a reference to competitiveness by the 625 
International Energy Agency (IEA). The LCOE considers also the investment costs in an annualized 626 
base whereas the marginal costs do not take into consideration the capital expenditure. 627 
Table 4.  Results for marginal cost, LCOE and CO2 emissions for each scenario. 628 









Scenario 1 (COPPE) 62.62 25.99 65.22 128.6 0.082 















































Scenario 3 (100% RES)  100 7.67  78.99 0 0 
 629 
The overall installed power generation capacity is about 460 GW in scenario 1 (COPPE) whereas for 630 
scenario 2 (Greenpeace) the installed capacity is equal to 512.4 GW. Greenpeace also considers a 631 
higher installed capacity of natural gas for 2050 comparatively to COPPE. For this reason, the capital 632 
expenditure for Greenpeace is 19.1% higher than for COPPE scenario. We can also note that the fuel 633 
costs for Greenpeace is 11.8% higher than for COPPE, which comes to the higher amount of natural 634 
gas and fuel oil used for electricity production for Greenpeace scenario.  635 
Thus, regardless of the lower O&M costs of RES, the marginal cost obtained under Greenpeace 636 
scenario is higher than the one obtained for COPPE, mainly due to the higher fuel costs in the first 637 
one. The avoided CO2 emissions brought by the increasing share of RES and its valuation are not 638 
enough to compensate the high cost of fossil fuel in Greenpeace scenario. It is worth mentioning that 639 
although LCOE for the Greenpeace scenario is 12.07% higher than the one for COPPE, it allows to 640 
reduce CO2 emissions by 23.18%.  641 
For the 100% RES scenario, the marginal cost (7.67 US$/MWh) is considerably reduced 642 
comparatively to COPPE and Greenpeace scenarios mainly due to the lower O&M costs of RES and 643 
because CO2 emissions costs are zero.  Notwithstanding, because of its high CAPEX, the LCOE for 644 
the 100% RES scenario is respectively 21.1% and 6.5% higher comparatively to COPPE and 645 
Greenpeace scenarios. However, it would allow to reach a fully decarbonized electricity system.   646 
The current Brazil’s electricity grid emission factor is slightly higher than 0.135 tCO2/MWh [43]. 647 
According to the results presented in Table 4, the estimated emission factor for COPPE (0.082 648 
tCO2/MWh) and Greenpeace (0.066 tCO2/MWh) are very similar and decrease 39.4% and 50.8% 649 
comparatively to the current emissions factor value. 650 
5.6 Discussion 651 
Economic and environmental analyses of the overall system were undertaken in order to complement 652 
the technical analysis of the three scenarios analysed. According to the results, CO2 emissions are 653 
23.18% lower for Greenpeace comparatively to COPPE scenario. This, however, comes with an 654 
increase of 12.07% in the levelized cost of electricity. The indicate that large RES scenarios tend to 655 
result on higher LCOE but can also lead to the full decarbonization of the electricity sector, which 656 
represents a conflicting trade-off between direct cost and environment. At this stage, it is important 657 
to recall that LCOE does not fully take into account the main challenges posed by the intermittent 658 
characteristic of RES. As such, aspects related to the difficulties of using LCOE for RES of 659 
intermittent characteristics (as discussed for example by [44]) in particular in a large hydro system 660 
and even the issue of energy independence mainly related to natural gas importations of Brazil, must 661 
be further explored. 662 
According to COPPE and Greenpeace scenarios evaluation, the results obtained under the technical 663 
analysis showed that thermal power plants are intended to play an essential role in the next years, 664 
mainly between September and December, due to the lower hydropower storage level. Thus, 665 
according to the scenarios evaluated, non-RES technologies (primarily thermal power plants) will 666 
continue to develop in order to provide a safer and reliable generation expansion plan in the scenarios 667 
predicted by COPPE and Greenpeace. The results also indicate that the high share of several 668 
complementary non-hydro RES is expected to diminish the dependency on hydropower and result in 669 
a least-cost solution in the future. Furthermore, it can be noted that the increase of solar power will 670 
have a significant impact on thermal power output, primarily during peak sun-hours. Wind power 671 
also plays a key role in the future primarily between July and November.  672 
Hydropower remains the most important power source for all scenarios regarding the overall 673 
electricity production in 2050 with a supply share varying between 41.58% and 49.99%. Solar power 674 
contributes between 6.17% and 14.93%, wind power between 7.6% and 26.81% and wave power 675 
between 0.11% and 2.46%. The remaining electricity supply is expected to come from biomass and 676 
thermal generation. However, the hourly results allow to highlight the higher contribution of wind 677 
power primarily in spring and winter seasons when the water storage levels of the overall system are 678 
risky. It is worth mentioning that although non-dispatchable, the higher contribution of wind power 679 
from June to December occurs mainly because of the more favourable wind-profile in this period of 680 
time (see Fig. 7).  681 
The total renewable electricity production for 2050 is expected to decrease from 81.7% in 2016 to 682 
62.2% for COPPE scenario and 66.2% for Greenpeace scenario. This means that the high penetration 683 
of wind and solar power in the future scenarios are not sufficient to compensate the decrease (in 684 
percentage of the current share) of the hydropower source. On the other side, although the projected 685 
power demand for 2050 is expected to be about three times higher than the demand of 2016, the 686 
results show that the overall CO2 emissions (in millions of tons) are expected to less than double the 687 
current emissions.  The sensitivity analysis revealed that there is no need for importation and 688 
exportation of electricity for both scenarios COPPE and Greenpeace even under low water 689 
availability. As for the 100% risk scenario, a reduction of the water availability would lead to an 690 
increase of the importation values and could even result on a few curtailment moments, which calls 691 
for further studies on demand/supply balance and short-term storage.   692 
It is worth mentioning that the largest part of the Brazilian remaining hydro potential is located in the 693 
Amazon River basin (Northeast region) near indigenous lands and/or protected areas. Therefore, the 694 
challenges of exploiting the remaining potential of hydropower are related primarily to social and 695 
environmental issues. Although these social and environmental impacts are out of the scope of this 696 
work, it is worth recalling that these aspects cannot be considered to be negligible in what concerns 697 
the Brazilian power planning as showed in works such as [2] and [45].  698 
In light of what was written in Section 4, due to technical limitations of the EnergyPLAN software, 699 
it was not considered the interconnection restrictions between Brazilian subsystems on the 700 
simulations. While it is beyond the scope of our current analysis, it would be relevant to consider the 701 
impact of internal Brazilian interconnections in future studies. In addition, considering that the high 702 
share of wind power occurs in the Northwest of the country, this would imply in possible future 703 
problems related to transmission restrictions. Therefore, in light with [15], a significant increase in 704 
the power transmission capacity of the Northwest subsystem would be required in order to enhance 705 
its operational flexibility in situations of low storage availability (in which the interconnection would 706 
be needed for electricity importation) and also for exportation of wind energy during specific periods 707 
of the year. The possibility of additional international interconnections should be further evaluated 708 
considering the effective exportation potential, the market interest and the bargaining power, as 709 
discussed for example by [46]. 710 
Several uncertainties are evolved in the long-term 2050 horizon planning process, e.g., economic 711 
growth, government policies, technological development, energy efficiency and demand response 712 
measures. These features together might define the pathways in which the energy mix will be 713 
deployed in the future. The possibility of future deployment schedules of energy prices to meet the 714 
peak demand can also lead to reductions in the actual expansion requirements. The smart grid 715 
deployment might also develop a key role in implementing the energy transition through the high 716 
integration of RES technologies. The prospect for future technological developments such as storage 717 
technologies, i.e., vehicle-to-grid, are in fact expected to play a key role in the long-term, contributing 718 
to accommodate the critical excess of electricity production. Additionally, the availability of wind 719 
and solar energy is strongly climate dependent. However, if the electricity generated by this VRE 720 
could be temporarily stored in the short and long term, this problem would be minimized. The vehicle-721 
to-grid technology could support the grid and create a more reliable, responsive and stable electrical 722 
system. The technologies’ deployment depends strongly on government financial incentives and new 723 
political regulatory goal but should not be overlooked on long-term planning problems. 724 
Specifically, for the Brazilian electricity sector, a more diverse energy mix is needed in order to 725 
achieve a low carbon-based energy system and a more sustainable power sector. The ambitious 726 
transition on moving toward a sustainable future is clearly considered a great energy challenge for 727 
Brazil. However, if we desire to surpass the economic, environmental and social impacts of fossil 728 
fuel exploitation these measures are necessary and may set a landmark for future generations. 729 
6. Conclusions  730 
This work aimed to contribute to the evaluation of future scenarios for the Brazilian power sector, 731 
resourcing to EnergyPLAN model to undertake the simulations. In contrast to traditional long-term 732 
models characterized by a reduced number of time slices, EnergyPLAN simulates a single year in 733 
hourly time-steps. This is considered an advantage from the model analysis in comparison with 734 
traditional long-term energy planning tools. The hypothesis of obtaining hourly results for long-term 735 
electricity planning could be considered an unrealistic assumption because it is improbable that future 736 
electricity generation could achieve exactly the value obtained by the hourly simulation model. 737 
Nonetheless, the real usefulness of obtaining results on an hourly basin is that it is possible to analyse 738 
more accurately the probable implications of seasonal patterns in electricity use and the need of using 739 
storage technologies in the future, for instance.  740 
Conclusively, we refer to the research questions proposed in the introduction: 741 
How can the Brazilian electricity system be modelled in the EnergyPLAN computer model? 742 
This paper proposed a long-term EnergyPLAN model for the Brazilian electricity system. The model 743 
was validated considering a reference year and then future electricity scenarios were analysed. The 744 
results obtained by the EnergyPLAN model were then compared to the published scenarios for 2050. 745 
Given the size and complexity of Brazilian electricity system, the model required some 746 
simplifications for example in what concerns regional demand and transmission restrictions. 747 
Considering the obtained results discussed along of this paper, the proposed Brazilian EnergyPLAN 748 
model although simplified, was shown to be suitable to evaluate future scenarios for electricity 749 
generation. In addition, the methodology applied in this work might be transferable to evaluate other 750 
power systems.  751 
Can a 100% renewable energy system be achieved by 2050 for Brazil? 752 
The 100% RES scenario is found to be theoretically possible but a substantial increase in the installed 753 
capacity would be required to support the grid mainly during periods of peak demand (6 p.m. to 10 754 
p.m.). Our findings also demonstrated that the fully decarbonized energy system may be achieved but 755 
the cost would tend to increase. The increasing cost of the LCOE for the 100% RES scenario is 756 
estimated to be 21.1% and 6.5% higher comparatively to COPPE and Greenpeace scenarios, 757 
respectively. This results both from the high CAPEX cost of most renewable technologies 758 
comparatively to natural gas options and from the required higher reserve margin, as dispatchable 759 
sources are necessary in order to provide a high level of security and reliability to the Brazilian power 760 
system. There is a small risk of curtailment and electricity importations may occur for the fully 761 
decarbonized system as illustrated in the sensitivity analysis. The outcome of the high supply share 762 
of RES would also be the existence of critical excess electricity production (CEEP), which refers to 763 
the full amount of electricity which is exceeding the electricity needs and the interconnection 764 
capacity. The transition to a 100% RES also contributes to the goal of reducing the imports of natural 765 
gas from Bolivia and consequently moving towards the Brazilian energy independence and increasing 766 
energy security.  767 
We conclude that RES could contribute significantly to the decarbonization of power systems, even 768 
for regions or countries for which demand is still expected to increase during the next years, as is the 769 
case of Brazil. The simulation exercise showed that this may be achieved but the cost would tend to 770 
increase. However, the 100% RES scenario should be further explored considering both the use of an 771 
optimization approach and the prospects for the electricity sector such as the inclusion of storage 772 
systems, new interconnections capacity and demand-side management strategies. Additionally, future 773 
works should consider other scenarios analysis and compare to the ones presented in this research 774 
paper. We also suggest the inclusion of more sectors (beyond the electricity sector) such as the 775 
heating, cooling and transportation to analyse the transition to a fully decarbonized energy system in 776 
Brazil. This should provide more achievable and affordable solutions to the transition of the entire 777 
energy system into future renewable and sustainable energy solutions.   778 
Last, but not least, we highlight that many other pathways towards achieving a fully decarbonized 779 
energy system for Brazil by 2050 can be proposed, but for each pathway, a set of significant changes 780 
away from the current energy system would be required.  781 
782 
Appendix A 783 










Electricity Demand (TWh/year) 541.29 1,571.55 1,571.55 1,571.55 
Fixed Import/Export (TWh/year) 0.179 0.179 0.179 0.179 
Total Electricity Demand (TWh/year) 541.47 1,571.73 1,571.73 1,571.73 
Electricity Supply 
Dammed Hydro Water Supply (TWh/year) 186.03 204.63 204.63 204.63 
Storage for Dammed Hydro (GWh) 96,145 105,759.5 105,759.5 105,759.5 
Dammed Hydro Power (MW) 44,586 53,385 53,846 53,846 
River Hydro (MW) 52,340 131,529 135,683 175,300 
Nuclear (MW) 1,990 13,412 10,412 0 
Thermal Power (coal, oil, gas) (MW) 14,147 103,230  123,305 0 
Biomass (MW) 27,128 52,287 38,584 52,287 
Wind (Northwest and North) (MW) 8,210 36,838.33 41,851.36 132,000 
Wind (South) (MW) 1,886 9,631.49 5,555.82 
76,000 
Wind (Southwest and Mid-west) (MW) 28 149.18 5,555.82 
Solar Power (Northwest and North) (MW) 15 38,830.68 63,061.22 38,830 
Solar Power (South) (MW) 4 10,353.66 16,814.39 
56,000 
Solar Power (Southwest and Mid-west) (MW) 4 10,353.66 16,814.39 
Wave Power (MW) 0 0 1,000 15,000 
CSP Solar Power (MW) 0 * * 24,300 
TOTAL INSTALLED CAPACITY (GW) 150.34 460.00 512.48 623.56 
Pump Back Capacity (MW) 137.9 137.9 137.9 137.9 
International Interconnection Capacity (GW) 17 17 17 17 
 785 
*Included in Solar Power (Northwest and North), Solar Power (South) and Solar Power (Southwest and Mid-west) due 786 
to EnergyPLAN simulation restrictions.  787 
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